Abstract
INTRODUCTION
Brazil is the world's second largest producer of soybean, planted on about 24.1 million ha and yielded about 75.3 million tons in the 2010/11 growing season. In the same period, the state of Mato Grosso do Sul grew 5.1 million tons in an area of 1.8 million ha (Conab 2011) .
The soybean breeding programs contributed essentially to the advancement of agricultural production by the development of cultivars adapted to the varied environmental conditions. The selection of soybean varieties resistant to diseases, pests and nematodes has been a key target of breeding programs. The nematode species Rotylenchulus reniformis is one of major threats to plant health of soybean crops in production areas in the southern region of the United States (Robbins et al. 1994a ). This nematode is widely spread in Brazil, parasitizing roots of annual and perennial species. It infects mainly roots of pineapple, banana, coffee, castor bean, passion fruit, tomato, but causes greatest damage to cotton and soybean (Robbins et al. 2002, Asmus and Ishimi 2009 ).
The presence of nematode R. reniformis was reported in 2002 in Mato Grosso do Sul, in the main soybean producing areas (Asmus 2004) . In cotton, high population densities of this plant nematode can cause losses of over 60% (Robinson 2002) . Damages of up to 32% have been reported in soybean crops with high densities of reniform nematodes.
The use of cultivars resistant to reniform nematode is one of the most efficient and inexpensive control strategies, indirectly providing higher stability and increased durability of these cultivars (Harville et al. 1985) . Furthermore, the method is believed to be easily assimilated by producers, leading to a reduction of environmental impacts by a reduced use of agrochemicals. However, the lack of cultivars with confirmed genetic resistance prevents a wider use of this strategy.
Studies have shown that genes that confer resistance to reniform nematodes are close to those that confer resistance to soybean cyst nematode (SCN), especially in genotypes derived from Forrest, Custer, Pickett, Hartwig, PI 437654, Peking, Centennial, PI 90763, and Cordell (Rebois et al. 1970 , Robbins et al. 1994b , Robbins and Rakes 1996 , Ha et al. 2007 . Most authors suggest a genetic linkage between the locus of resistance to Heterodera glycines and R. reniformis. (Asmus and Schirmann 2004) . The objective of this study was to characterize soybean genotypes of crosses with at least one parent resistant to R. reniformis, H. glycines or to both, for resistance to reniform nematode, in a controlled environment.
MATERIAL AND METHODS
The experiments were conducted in a greenhouse and in the nematology laboratory of Embrapa Western Region Agriculture, in Dourados, Mato Grosso do Sul, from August 2009 to January 2010. Lines derived from segregating populations conducted by the pedigree method were evaluated in the F 6 , F 7 , F 8 and F 9 generations of 48 crosses (Table 1) , in which at least one parent was resistant to the nematode R. reniformis or H. glycines (races 1 and 3), or to both.
These genotypes were tested for reaction to R. reniformis in two experiments: the first evaluated 86 and the second 113 genotypes, all from the soybean breeding program of Embrapa (Table 1) , of which 159 were conventional and 40 transgenic (glyphosate-resistant). The commercial cultivars M-SOY 8001 and BRS 239 were included as resistance and susceptibility standards, respectively, in both experiments. The experiments were arranged in a completely randomized design with five replications.
Soybean was sown in 500-ml polyethylene cups containing 400 ml of a soil -sand substrate (1:1) previously sterilized by solarization (Ghini et al. 2002) . A standardized fertilization of 0.4 g of 0-20-20 (NPK), i.e., 300 kg ha -1 , was applied per unit. Four seeds were sown per cup, inoculated as described below with 2 ml of Nitragin Cell Tech at a concentration of 3x10 9 viable cells of Bradyrhizobium sp. per ml, and thinned to one seedling per cup seven days after emergence.
The inoculum was obtained from sour passion fruit plants grown in 2000 ml pots for about six months after inoculation with a R. reniformis population from an infested area in the surroundings of Maracaju, MS, where the presence of this nematode had first been detected, causing damage to soybean in the state (Asmus et al. 2003) . The passion fruit roots were ground as described by Coolen and D'Herde (1972) .
About 10 days after sowing, the seedlings were individually inoculated with 5 mL of aqueous suspension containing 1,000 R. reniformis eggs and juveniles. The inoculum was divided in two 2.5 ml portions and filled into two holes, 2" deep, both 1 cm away from the root collar of the soybean seedlings, in September and November 2009, in the experiments I and II, respectively.
Sixty days after inoculating the plant nematode, a sufficiently long period for two full nematode generations, the genotypes were evaluated in their respective experiments. The roots of each plant were carefully washed in tap water and stored in plastic bags in the refrigerator until the beginning of the extraction process. The root mass was weighed on an electronic precision scale and nematodes extracted by the method described by Coolen and D'Herde (1972) .
After extraction, the nematodes were inactivated in a 55 ºC water bath for 5 min and fixed in formalin (2%). The suspension was used to estimate the number of eggs, juveniles, young males and females and adults under a binocular optical microscope (magnification 40 X), by a slide count of 1mL aliquots.
From the estimated number of eggs, juveniles and/or adults in the roots and the fresh root weight, the reproduction factor (RF) and the average number of nematodes per gram of root (NGR) were calculated. The ratio between the final population in the root (Pf) and the initially inoculated population (Pi) was defined as RF. The NGR was defined as the ratio of the total number of nematodes in the roots by the root mass in grams. According to Oostenbrink (1966) , genotypes with RF below or equal to one (1.0) are considered resistant. The homogeneity of variance was assessed by the Lilliefors test, which indicated that the variances of the data set were not homogenous. Due to the presence of correlation between the mean and variance of each genotype evaluated, the NGR data were transformed to Log 10 (x+1) and the RF data transformed to square root (x +1), where x is the original value of the variable. The purpose of this transformation was the stabilization of the variances. Subsequently, the NGR and RF data were subjected to analysis of variance using the statistical software SAS 9.1 (SAS Institute 2003). The cluster test of Scott-Knott and the Pearson correlation analysis were run on software Genes (Cruz 2006) .
RESULTS AND DISCUSSION
The analysis of variance showed a significant difference (p <0.01) among genotypes, in both experiments, for the variables reproduction factor (RF) and number of nematodes per gram of root (NGR). These results indicated the presence of phenotypic variation for resistance to reniform nematodes, indicating different resistance responses of the genotypes to this plant nematode. The coefficients of variation ranged from 18.7 to 25.5% (Tables 2 and 3 ) and were considered appropriate for experiments on the interaction of soybean and plant nematodes (Asmus 2004 , Torres et al. 2006 , Asmus 2008 ).
There was little variation in the mean RF and NGR between experiments I and II, and the highest values were observed in experiment II (Table 3) . A likely explanation for this variation lies in the fact that the mean temperature inside the greenhouse was higher in experiment II (27.2 ºC) than in experiment I (22.6 ºC), which is closer to the optimal growth and reproduction temperature of R. reniformis (Rebois 1973) . Figure 1 (A and B) illustrate the variability among the soybean genotypes in experiments (I and II), compared with the mean of trait RF. The frequency distribution showed 10 classes of frequencies in experiments I and II. Importantly, the susceptibility (BRS 239) and resistance control (M-SOY 8001) were in different phenotypic classes, as expected. In the first experiment, 12 genotypes had a higher mean RF than the susceptible cultivar control BRS 239. On the other hand, 30 genotypes were allocated in the same class as the resistant cultivar, M-SOY 8001, and 12 other genotypes had a mean RF of up to 1.0 ( Figure 1A) . In experiment II, 20 genotypes had a greater resistance in the phenotypic class of the resistant cultivar M-SOY 8001. Of the 115 genotypes tested in this experiment, 69 were nematode-susceptible, since the mean RF was higher than 2.1, i.e., higher than of the susceptible cultivar BRS 239 ( Figure 1B) .
In both experiments, the mean RF of the resistance standard cultivar M-SOY 8001 was close to zero (0.17 in experiment I and 0.15 in experiment II), representing a reduction of at least 83% compared to the initial nematode population. The RF values of BRS 239 were 1.95 and 1.44 in experiments I and II, respectively (Tables 2 and  3) . These results were similar to those reported by Asmus (2004) , who concluded that the RF of cultivar M-SOY 8001 indicated resistance, while BRS 239 was susceptible to reniform nematodes.
The mean cluster analysis of experiment I formed two statistical groups for the variables RF and NGR. With regard to RF, the performance of 42 genotypes indicated resistance (RF <1.0), with means statistically equal to M-SOY 8001. Of these, NGR of 31 genotypes was low, with no difference from M-SOY 8001 ( Table 2 ). The RR and NGR of the other (Table  3) . Twenty genotypes did not differ from BRS 239 (mean RF 0.94 -1.92). In addition, the mean RF of 70 genotypes was above 2, statistically different from BRS 239, ranking them as better multipliers of reniform nematodes than the standard susceptibility cultivar. For 31 of these 70 genotypes, the mean NGR was high and statistically different from BRS 239 ( Table 3 ).
The results of correlation analysis indicated that RF and NGR were significantly correlated, i.e., the lower the mean RF, the lower the mean NGR and vice versa. These analyses showed a significant correlation of RF with high NGR in experiment I (r = 0.995) and in experiment II (r = 0.988) (Tables 2 and 3 ).
Of the 199 genotypes evaluated in both experiments, 65 genotypes were resistant to R. reniformis, with RF below 1.0 and statistically equal to M-SOY 8001, and possibly contain more traits of adaptation for Brazilian conditions (Tables 2  and 3) , especially in the state of Mato Grosso do Sul.
Of the 48 tested crosses (segregating populations), 17 resulted in at least one reniform-nematode resistant line, with RF < 1.0 (Table 4) . Of the resistant lines, 48 were derived from the crosses labeled 4, 5, 9, 11, and 13 (Table  4) . Studies showed that genotypes with cyst-nematode resistance derived from PI 437654, Custer, Forrest, Hartwig, PI 90763, and Peking are potentially resistant to reniform nematodes as well (Robbins et al. 1994a , Robbins et al. 1994b , Robbins et al. 2002 , Asmus 2008 ).
Among the crosses of which over 10 lines were evaluated, the one from which the highest proportion of resistant progenies was derived (in relation to the number of lines evaluated per cross) from BRSGO Ipameri x (Fayette x PI 437654). This result was expected because the three parents were resistant to H. glycines with possible resistance to R. The results showed that most genotypes considered resistant to R. reniformis had previously been described as resistant to races 3 and/or 1 of soybean cyst nematode (SCN), as reported by Robbins and Rakes (1996) .
Of the 65 lines considered resistant, the cultivars Custer, PI 437654, Fayette, BRSGO Ipameri, BRSMT Pintado, and BRS 262, in different cross combinations, generated a significant number of resistant progenies (> 73% resistant lines) (Table 4) . Other cultivars such as BRS 231, Forrest, Hartwig, BRSGO Chapadões, BRSMG 250 (Nobreza), Anta 82 RG, Sharkey, and NK 412131 and the line GOBR99-701006 also originated resistant lines, though less frequently.
In the USA, there was a significant reduction in the rate of R. reniformis resistance of the genotypes used, due to the almost exclusive use of PI 88788 as resistance source to H. glycines, which is susceptible to R. reniformis (Robbins et al. 2002) . On the other hand, most of the genotypes in this study were derived from parents with SCN resistance, mainly to the races 1 and 3. The cultivars BRSGO Ipameri, BRSMT Pintado and BRS 262, recommended for Brazil, performed well as resistance sources to reniform nematodes (Table 4 ). These cultivars were described as SCN-resistant by their breeders, for being progenies of at least one of the main sources of resistance to this plant nematode (Embrapa 2010) . Dias et al. (2009) mentioned the complexity in understanding the genetic basis of H. glycines resistance in soybean, due to the possibility of involving gene blocks or few genes with multiple alleles. This genetic behavior was also reported in studies on the genetic inheritance of R. reniformis resistance in soybean (Williams et al. 1981 , Harville et al. 1985 . Ha et al. (2007) evaluated genotype PI 437654 with molecular markers and proved that the genes of R. reniformis resistance are close to those that control H. glycines resistance. Furthermore, these authors showed that resistance is controlled quantitatively by genes with unequal effects. This hypothesis of quantitative inheritance of resistance may explain the low proportion of resistant lines (around 33% of all tested lines) detected in this study (Table 4) .
The results of this study show that the variability for resistance to reniform nematodes in the studied genotypes was high, allowing the selection of resistant lines. Under controlled conditions, the variable RF is sufficient to determine the CLP Melo et al.
resistance to R. reniformis. The cultivars BRSGO Ipameri, BRSMT Pintado, and BRS 262, suitable for nation-wide planting and described in this study as promising resistance sources to reniform nematodes, could be used soon in breeding programs. Therefore, to increase the chances of success in the development of reniform-nematode resistant cultivars in soybean breeding programs, in view of the lack of information on resistance to R. reniformis, it is recommended that effort should be invested in the evaluation and selection of segregating populations derived from parental genotypes with resistance to H. glycines, at least to the races 1 and 3.
